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Steroidogenic cells of the adrenal and gonad are thought to be derived from a common primordium that divides into separate tissues during 
embryogenesis. In this paper, we show that cells with mixed adrenal and Leydig cell properties are found dispersed in the insterstitium of the 
embryonic and adult mouse testis. They express the adrenal markers Cyp11b1 and Cyp21 and respond to ACTH. Consistent with these 
properties, we show that the embryonic testis produces the adrenal steroid corticosterone. These cells also express Cyp17 and respond to hCG 
stimulation but do not express the Leydig specific marker Insl3 showing that they are a population of steroidogenic cells distinct from Leydig 
cells. Based on their properties, we refer to these cells as adrenal-like cells of the testis and propose that they are the mouse equivalent of the 
precursors of human adrenal rests, tumors found primarily in male patients with congenital adrenal hyperplasia. Organ culture studies show that 
ACTH-responsive cells are present at the gonad/mesonephros border and seem to migrate into the XY but not the XX gonad during 
development. Consistent with this, using transgenic Cyp11a1 reporter mice, we definitively show that steroidogenic cells can migrate from the 
mesonephros into the XY gonad. We also show that the region between the mesonephros and the gonad harbors steroidogenic cell precursors 
that are repressed by the presence of the mesonephros. We propose that this region is the source of the adrenal-like cells that migrate into the 
testis as it develops and are activated when Leydig cells differentiate. These studies reveal the complex nature of steroidogenic cell 
differentiation during urogenital development. 
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Steroid production in the mammalian embryo is undertaken 
by the Leydig cells of the testis and the adrenal cortical cells. 
The theca cells of the ovary become steroidogenically active 
only after birth. The first steps in steroid synthesis from 
cholesterol are catalyzed by the enzymes CYP11A1 and 3β­
hydroxysteroid dehydrogenase (3β-HSD) and are common to 
both adrenal and gonadal steroidogenic cells. However, the 
tissue-restricted expression of a subset of cytochrome P450 
enzymes accounts for the production of distinct steroids in the 
two tissues. For example, CYP17 expression in Leydig cells 
directs the production of testosterone in the testis. In the adrenal 
cortex, the activity of CYP21 and CYP11B1 in the zona 
fasciculata or CYP11B2 in the zona glomerulosa leads to the ⁎ Corresponding author. Fax: +44 207 153 5514.
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tively. After birth, steroidogenesis in the gonads and adrenals is 
hormonally regulated by different pituitary hormones acting 
through their tissue-specific receptors: LH stimulates testoster­
one production through the LH receptor whereas ACTH 
stimulates glucocorticoid synthesis through the melanocortin 
2 receptor (MC2R) (Orth and Kovacs, 1998). 
Despite differences in steroid output and hormonal control, 
expression studies indicate that adrenal cortical and Leydig 
cells share a common precursor early in development. Analysis 
of the expression in the mouse of the nuclear receptor Sf-1, an 
essential factor in the development of both gonads and adre­
nals, suggests that the two tissues originate from a so-called 
adreno-gonadal primordium (AGP) present at E9.0. This 
primordium separates into gonadal and adrenal primordia as 
development proceeds (Hatano et al., 1996). Consistent with 
their shared origin, Cyp17 has been transiently detected in the 
developing adrenal cortex and Mc2r and Cyp11b1 have been 
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Heikkila et al., 2002; O'Shaughnessy et al., 2003; Wang et al., 
2002). 
In agreement with the model that adrenal cortical and 
Leydig cells follow common developmental pathways, male 
patients with congenital adrenal hyperplasia (CAH) show 
high prevalence (varying from 50 to 94% depending on 
studies) of testicular adrenal rests tumors (Cabrera et al., 
2001; Stikkelbroeck et al., 2001). These patients usually 
harbor mutations in the adrenal enzymes CYP21 (Clark et al., 
1990) or CYP11B1 (Oberman et al., 1993) and show impaired 
glucocorticoid production that disrupts the negative feedback 
regulation of ACTH secretion. This leads to chronically 
elevated plasma ACTH levels that stimulate a subset of cells 
in the gonad with adrenal cell properties (absence of Reinke's 
crystalloids, expression of CYP11B1, CYP21 and/or MC2R) 
which become hypertrophic and disrupt normal testicular 
function (Cabrera et al., 2001; Clark et al., 1990; Rutgers 
et al., 1988; Srikanth et al., 1992; Stikkelbroeck et al., 
2001). Interestingly, although there are reports of adrenal rests 
tumors in female patients (Adeyemi et al., 1986; Lin et al., 
2000; White and Speiser, 2002), their prevalence and 
dependence on elevated ACTH levels are much higher in 
male patients (Cabrera et al., 2001; Stikkelbroeck et al., 2001, 
2004). The identity and origin of the cells responsible for 
adrenal rests tumor formation are still unclear (Calikoglu, 
2003). 
In this paper, we have uncovered the presence of 
population of adrenal-like cells in the interstitium of the 
mouse developing testis. These cells express the steroidogenic 
markers Cyp11b1, Cyp21 and Cyp17 but not the Leydig cell 
specific marker Insl3. They are responsive to ACTH and hCG 
and are found in the adult testis. Organ culture experiments 
indicate that these cells migrate from a steroidogenic cell 
reservoir located at the gonad/mesonephros border during 
testis development. Their adrenal-like properties, their locali­
zation in the vicinity of the mesonephros and their male-
specific activation strongly suggest that these cells are the 
mouse equivalent to the precursors of human gonadal adrenal 
rests. 
a 
a	Materials and methods 
Mouse strains 
Unless otherwise stated, embryos were obtained from matings of outbred 
MF1 mice. The Cyp11a1:LacZ strain of mice was described in Jeays-Ward et al. 
(2003). Transgenic males were mated to MF1 females for most of the 
experiments. 
Whole-mount in situ hybridization 
Whole-mount in situ hybridizations were carried out on an in situ processor 
(Intavis in Situ Pro) according to standard protocols (Wilkinson and Nieto, 
1993). Double in situ hybridization experiments were performed using the same 
basic protocol, but samples were incubated with both a digoxigenin-labeled and 
a fluorescein-labeled probe. After detection of the digoxigenin-labeled probe by 
staining with NBT/BCIP, samples were fixed with 4% paraformaldehyde for 
20 min and horseradish peroxidase activity was inactivated by incubating for 30 min at 65°C in PBT (PBS, 0.1% Triton) and in 100 mM glycine pH 2.2 for 
20 min. Samples were then washed in TBT (50 mM Tris pH 7.5, 150 mM 
NaCl, 0.1% Triton), blocked in 10% sheep serum in TBT and incubated with a 
horseradish peroxidase-conjugated anti-fluorescein antibody overnight in 1% 
sheep serum. After washing in TBT, samples were equilibrated in NTMT 
(100 mM NaCl, 100 mM Tris pH 9.0, 50 mM MgCl2, 0.1% Tween) and 
stained with INT/BCIP (247.5 μg/ml:247.5 μg/ml) in NTMT or embedded in 
OCT and sectioned. Sections were washed with PBT and equilibrated in 
detection buffer (100 mM Tris pH 8.0, 100 mM NaCl, 10 mM MgCl2). They 
were then stained with HNPP/Fast Red solution (Roche) in detection buffer, 
according to manufacturer's instructions. 
Antisense RNA, DIG-containing probes for Cyp11b1, Cyp21a1 and Insl3 were 
synthesized directly from PCR templates, which included the sequences encoding 
the T7 RNA polymerase promoter. Briefly, using primers 5′GAGGAGATG­
ACAATGGCTC3′ and 5′GTAATACGACTCACTATAGGGACTGAAAGTCC­
ATAGAGA3′ for Cyp11b1, 5′AAAGACGAAGAGCGGCTCCA3′ and 5′ 
GTAATACGACTCACTATAGGGCTCGTCCTATCCTGTCAAGG3′ for 
Cyp21a1 and 5′TACTGATGCTCCTGGCTCTG3′ and 5′GTAATACGACTCAC­
TATAGGGGGGCACAGGTCATGATGG3′ for Insl3, PCR fragments were made 
from cDNAs which were derived from an RNA mixture extracted from E15.5 
gonads and adrenals using oligodT primers and Superscript reverse transcriptase 
(Invitrogen) according to manufacturer's instructions. These PCR fragments were 
isolated and used as templates in a DIG labeling reaction using T7 RNA 
polymerase. The antisense RNA probe for Cyp17 was synthesized from a PCR-
amplified fragment (encompassing nucleotides 1026 to 1674) cloned into the 
TOPO vector (Invitrogen). Cyp11a1 and Amh probes were obtained from Keith 
Parker and Robin Lovell-Badge respectively. 
Section in situ hybridization 
Tissues were fixed in 4% paraformaldehyde overnight, embedded in OCT 
and sectioned. Sections were treated for 8 min with proteinase K (20 μg/ml) at 
room temperature and washed with PBS. They were then fixed with 4% 
paraformaldehyde for 10 min and washed in PBS. Samples were washed in 2× 
SSC and incubated in hybridization mix (50% formamide, 5× SSC, 2% 
Boehringer blocking powder, 0.1% Triton X100, 0.5% CHAPS, 1 mg/ml yeast 
RNA, 5 mM EDTA, 50 μg/ml heparin) for 1 h at 60°C. Digoxygenin labeled 
probewas added to the hybridizationmix and incubated overnight at 60°C. Slides 
were then treated to a series of washes in 50% formamide/0.2× SSC, 2× SSC at 
60°C and in NT (150 mM NaCl, 100 mM Tris pH 7.5) at room temperature. 
Sections were then blocked in NT saturated with Boehringer blocking reagent 
and incubated overnight at 4°C with peroxidase-conjugated anti-digoxygenin 
antibody, in the presence of 0.5 mg/ml levamisole (NTL). After washes in NTL 
and in NTML (150 mM NaCl, 100 mM Tris pH 9.5, 50 mM MgCl2, 0.5 mg/ml 
levamisole), peroxidase activity was detected by incubation with 0.18 mg/ml 
BCIP and 0.34 mg/ml NBT in NTML. 
Corticosterone measurements 
For evaluation of corticosterone production, testes, ovaries and adrenals were 
dissected at E14.5 and E17.5. Pools of 4 testes, 6 ovaries, 8 adrenals (E14.5) or 2 
testes, 3 ovaries and 4 adrenals (E17.5) were sonicated in silanized tubes in 100 μl 
of PBS in the presence of 0.1 mg/ml BSA. Radioimmunoassays for corti­
costerone production were performed on these crude extracts, using a kit from 
ICN biochemicals according to manufacturer's instructions. Levels of corticos­
terone productionwere expressed relative to the amount of proteins in the extract. 
Experiments were performed on at least three independent pools of tissues. 
In vitro organ culture 
In vitro organ cultures were performed as described in Jeays-Ward et al. 
(2003). Briefly, tissues were dissected in PBS and grown at 37°C (in a 5% CO2 
atmosphere) on agar blocks in DMEM with 10% fetal calf serum, in the presence 
of penicillin (100 U/ml), streptomycin (100 μg/ml) and ampicillin (50 μg/ml). 
After culture, organs werewashed in PBS, fixed and either used for LacZ staining 
or processed through a methanol/PBS gradient for storage. When indicated, 
ACTH (10− 6 M) or hCG (1 i.u./ml) were added to culture media. 
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In our investigation by whole-mount in situ hybridization 
of the expression of adrenal specific markers in the mouse 
urogenital region, we identified cells within the testis that 
expressed Cyp21 and Cyp11b1 (Fig. 1). These cells were scattered throughout the testis at E14.5 and were not found in 
the ovary (data not shown). Double in situ hybridization with 
Cyp11b1 and the Sertoli cell marker Amh showed that these 
adrenal-like cells were localized in the testis interstitium, the 
site of Leydig cell development (Fig. 1). Double in situ 
hybridization with Cyp11b1, Cyp11a1, Cyp17 and Insl3 
demonstrated that most of the adrenal-like cells also expressed 
the steroidogenic cell markers Cyp11a1 and Cyp17 but not 
the Leydig cell specific marker Insl3 (Zimmermann et al., 
1997). These experiments also showed that the majority of 
Leydig cells did not express the adrenal cell marker Cyp11b1 
(Fig. 1). 
Leydig cells first differentiate in the mouse testis at around 
E13, after formation of the sex cords at E12. This differentiation 
pattern was also observed for the Cyp21-positive cells, which 
were absent at E12.5 and were clearly detected in the testis at 
E13.5 (Fig. 2). At this stage, Cyp21-positive cells were found 
scattered throughout the testis. Cyp21-positive cells were also 
found at E17.5 where they were mostly concentrated in the 
vicinity of the mesonephros, although some cells were found in 
regions distal to the mesonephros boundary (Fig. 2). Cyp21­
positive cells were also found in the prepubertal (5, 14 and 
23 days post partum were analyzed, data not shown) and adult 
testis (Fig. 2) but not in the adult ovary (data not shown). This 
pattern of expression during development was also seen for 
Cyp11b1, although the levels were decreased in the adult testis 
(data not shown). The expression of Cyp21 and Cyp11b1 in the 
testis suggested that this tissue was able to produce adrenal 
steroids. To confirm this, we measured corticosterone levels in 
extracts from testes, ovaries and adrenals of E14.5 and E17.5 
embryos. Consistent with our expression studies, the testis 
produced corticosterone levels that were significantly above the 
threshold of detection at E17.5 (0.52±0.1 pg/μg of protein for 
the testis compared to 178.57±32.7 pg/μg of protein for the 
adrenal) while the ovary did not. Testes from E14.5 embryos 
also produced corticosterone but at levels that did not allow 
significant statistical analysis. 
In the adrenal zona fasciculata, ACTH stimulates glucocor­
ticoid production by coordinately inducing expression of the 
steroidogenic enzymes CYP11A1, CYP11B1 and CYP21. An 
essential characteristic of gonadal adrenal rests is their ability to 
respond to chronic ACTH stimulation, resulting from adrenal Fig. 1. Adrenal-like cells are present in testis interstitium at E14.5. The top of 
this figure shows a schematic of steroid hormone biosynthesis from cholesterol, 
highlighting the reactions catalyzed by the enzymes being analyzed in this study. 
Whole-mount in situ hybridization experiments for Cyp11b1 or Cyp21 
expression were performed on XY gonads from E14.5 embryos (upper panels 
as indicated). Section from double whole mount in situ hybridization 
experiments for Cyp11b1 (purple) and Amh (orange) expression shows 
localization of Cyp11b1-positive cells in the testis interstitium at E14.5. 
Sections from double in situ hybridization experiments for Cyp11b1 (purple) 
and Cyp11a1 (orange) expression show that most Cyp11a1-positive cells are 
negative for Cyp11b1 expression in the E14.5 testis. Double in situ hybridization 
experiments for Cyp11b1 (purple) and Cyp11a1 (FastRed) or Cyp17 (FastRed) 
expression show co-expression of Cyp11b1 with both Cyp11a1 and Cyp17 in 
the testis of E14.5 embryos. In contrast, double in situ hybridization for 
Cyp11b1 (purple) and Insl3 (FastRed) shows no co-expression of the two 
markers in the testis of E14.5 embryos. 
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Fig. 2. Adrenal-like cells appear at E13.5 in the testis and are found in the adult. 
Whole-mount in situ hybridization experiments for Cyp21 expression were 
conducted on XY gonads from E12.5, E13.5 and E17.5 embryos. Section in situ 
hybridization experiments show expression of Cyp21 in the adult testis 
interstitium (20× magnification). The overall number of cells expressing 
Cyp21, indicated by the arrows, is low at this stage (10× magnification). failure. To establish if the adrenal-like cells of the testis that we 
identified were responsive to ACTH, we isolated and grew 
testes and mesonephros from E14.5 embryos in vitro, in the 
absence or presence of ACTH. Surprisingly, the cultures grown 
for 48 h in the absence of ACTH did not show expression of 
Cyp21 (data not shown) or Cyp11b1 (Fig. 3) as shown by Fig. 3. Adrenal-like cells are responsive to ACTH and hCG in culture. Gonads 
from E14.5 XY embryos were grown in culture for 48 h in the absence or 
presence of 10− 6 M ACTH (top panels) or 1 i.u./ml hCG (bottom panels) and 
then analyzed by whole-mount in situ hybridization for Cyp11b1 expression. whole-mount in situ hybridization. This effect was only seen for 
adrenal specific genes as the expression of Cyp17 and Cyp11a1 
was not extinguished under these conditions (data not shown). 
However, addition of ACTH to the culture media restored 
Cyp11b1 expression in the testes (Fig. 3). This shows that the 
adrenal-like cells in the testis do not behave like Leydig cells in 
vitro and are responsive to ACTH as early as E14.5. Analysis of 
transgenic or naturally occurring mouse models and ferrets have 
shown that high levels of circulating LH levels can stimulate a 
subpopulation of steroidogenic progenitor cells in the adrenal 
cortex and promote tumor formation (Bielinska et al., 2005, 
2006; Kananen et al., 1996; Rilianawati et al., 1998). We 
therefore wanted to establish whether the adrenal-like cells 
that we identified in the testis were also responsive to LH. For 
this, we grew testes from E14.5 embryos in the absence or 
presence of hCG and analyzed them for Cyp11b1 expression. 
As shown in Fig. 3, Cyp11b1 expression was also induced by 
hCG stimulation. 
Our results showed that the adrenal-like cells in the E14.5 
testis were responsive to ACTH. To establish if ACTH-
responsive cells were found in the gonad at earlier stages, we 
grew gonads and mesonephroi from E11.5 embryos in the 
absence or presence of ACTH for 36 h and performed whole-
mount in situ hybridization for Cyp11b1 expression. Interest­
ingly, we identified a group of ACTH-responsive Cyp11b1­
positive cells at the gonad/mesonephros border, which were 
found only on one side of the culture and were not found in 
cultures without ACTH (nine out of twelve XX gonads and 
nine out of ten XY gonads showed this expression) (Fig. 4). 
The pattern of Cyp11b1 expression in these cultures was dif­
ferent in tissues from XY embryos compared to XX embryos: 
in the cultures from XY embryos, Cyp11b1-positive cells 
were also found within the gonad whereas these cells were 
only found clustered at the gonad/mesonephros border in 
XX samples. These results suggested that adrenal-like cells Fig. 4. ACTH-responsive cells are present at the gonad/mesonephros border and 
in the gonad in XY embryos. Gonads from E11.5 XY and XX embryos were 
carefully dissected away from the adrenal anlagen and grown in culture for 48 h 
in the absence or presence of 10− 6 M ACTH. They were then analyzed by 
whole-mount in situ hybridization for Cyp11b1 expression. 
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the testis. 
In order to assess steroidogenic cell migration into the 
gonad, we performed co-culture experiments with mesone­
phroi from transgenic E12.5 embryos that expressed the lacZ 
gene under control of the regulatory regions of the Cyp11a1 
gene (Cyp11a1:LacZ construct (Jeays-Ward et al., 2003)). Our 
experiments show migration of a variable, but generally low, 
number of LacZ-positive cells in 30–40% of the co-cultures 
(nine out of twenty four co-cultures showed this phenotype) Fig. 5. (A) Mesonephric steroidogenic cells can migrate into the XY gonad. XY 
gonads from E12.5 non-transgenic embryos were assembled with mesonephroi 
from Cyp11a1:LacZ mice and grown for 2 days before β-galactosidase activity 
was assayed. LacZ-positive migratory cells (arrows) are observed in the testis 
(the panels show four independent experiments). (B) The mesonephros inhibits 
steroidogenic gene expression at the gonad/mesonephros border. XX or XY 
gonads from E12.5 transgenic Cyp11a1:LacZ embryos were grown in the 
presence (upper panels) or absence (lower panels, labeled-meso) of mesonephroi 
for 2 days and stained for β-galactosidase activity. For most gonads grown 
without mesonephroi, the cut edge can be recognized as having a characteristic 
rough surface. (Fig. 5A). This indicates that steroidogenic cells can migrate 
from the mesonephros, which includes the region containing 
ACTH-responsive cells, into the testis. However, the low 
efficiency of cell migration suggested that not all regions of 
the mesonephros were sources of migrating steroidogenic 
cells and that in some cases these reservoirs were excluded 
from the co-cultures. 
The expression pattern of the ACTH-responsive Cyp11b1­
positive cells in the E11.5 gonads of both sexes suggested 
that steroidogenic precursor cells were found at the gonad/ 
mesonephric border (see Fig. 4). Consistent with this idea, 
XX gonads from E12.5 embryos carrying the Cyp11a1:LacZ 
construct that were grown without mesonephroi showed a few 
LacZ-positive cells present on the side of the gonad where it 
had been cut (Fig. 5B) (nine out of sixteen XX gonads 
showed this phenotype). We were not able to identify a 
similar population in the XY gonad due to the expression of 
Cyp11a1 in all Leydig cells at this stage (Fig. 5B, right 
panel). Nevertheless, these data confirm that steroidogenic 
precursor cells are present at the gonad/mesonephros border 
and show that steroidogenic gene expression is repressed in 
these cells by the mesonephros. 
Discussion 
The origin and ontogeny of adrenal rests tumors found in the 
gonads of patients with congenital adrenal hyperplasia have 
been a subject of debate. In this paper, we show for the first time 
that a small number of cells with adrenal properties differentiate 
in the mouse testis at the same time as Leydig cells (E13) and are 
also present throughout pre and postnatal development and in 
the adult testis. Several aspects of our analysis strongly suggest 
that these cells are the mouse equivalent of the precursors of 
human adrenal rests: (I) they express both Cyp11b1 and Cyp21 
and are responsive to ACTH; (II) these adrenal-like cells are 
present in the testis but not the ovary, which is in agreement with 
the high prevalence of adrenal rests tumors in male but not 
female patients with CAH (Cabrera et al., 2001; Stikkelbroeck 
et al., 2001, 2004); (III) they are concentrated at the gonad/ 
mesonephros border, which is consistent with the ultrasono­
graphic observation that most of adrenal rests tumors originate 
in the vicinity of the invagination of the tunica albuginea that 
separates the seminiferous tubules from the rete testis (the 
mediastinum of the testis) (Stikkelbroeck et al., 2001); (IV) their 
appearance in the embryonic testis could account for the 
persistence of adrenal rests tumors in CAH patients, despite 
efficient replacement hormonal therapy after birth (Stikkel­
broeck et al., 2001). Adrenal rests tumors have never been 
described in mouse. However, Cyp21 expression is dramatically 
increased in the testis of Cyp11a1 deficient mice suggesting that 
adrenal-like cells can be activated in adult mice upon chronic 
ACTH stimulation (Hu et al., 2002). It is not known whether 
adrenal rests tumors develop in mouse models of CAH caused 
by CYP21 deficiency (Riepe et al., 2005; Tajima et al., 1999). 
The expression pattern of SF1 during urogenital develop­
ment suggested that adrenal and gonadal cells are derived 
from a common precursor cell population (Hatano et al., 1996; 
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specific markers can be found within the testis and have been 
proposed to be expressed by Leydig cells (Hatano et al., 1996; 
Wang et al., 2002). However, our studies show that these 
markers are expressed by a subset of steroidogenic cells within 
the interstitium of the testis that respond to ACTH and have 
different properties to Leydig cells, including lack of Insl3 
expression. Studies by O'Shaughnessy and colleagues showed 
that ACTH can stimulate testosterone production from embryo­
nic testes (O'Shaughnessy et al., 2003). The ACTH-sensitive 
adrenal-like cells that we describe here also express Cyp17, an 
enzyme that produces precursors for testosterone synthesis. This 
suggests that they could contribute to testosterone production in 
response to ACTH. However, our studies also show that the 
embryonic testis actively produces corticosterone, which is 
consistent with expression of both Cyp21 and Cyp11b1 in the 
adrenal-like cells. It is not clear whether the expression levels of 
Cyp17 in these cells are sufficient to allow production of 
testosterone precursors as well as corticosterone. A subset of 
cells localized in the subcapsular region of the adrenal cortex in 
mice and ferrets have the capacity to respond to increases in 
circulating LH levels and to form adrenal tumors that also 
express gonadal markers (Bielinska et al., 2005, 2006; Kananen 
et al., 1996; Rilianawati et al., 1998). Interestingly, the adrenal-
like cells that we found in the testis can also respond to LH/hCG 
stimulation. Whether these cells are similar to the tumor-forming 
LH-responsive cells found in the adrenal cortex remains to be 
elucidated. 
The adrenal-like properties of the cells we identified sugges­
ted that they were derived from the adrenal during development. 
Studies on Wnt4 mutant embryos have shown that adrenal cells 
can migrate into the gonad (Heikkila et al., 2002; Jeays-Ward et 
al., 2003). However, the Cyp21-positive cells present in the 
gonad of XX and XY Wnt4 mutant embryos were first seen at 
E11.5 and were clustered at the anterior region of the gonad 
(Heikkila et al., 2002 and our unpublished observations). The 
adrenal-like cells we observed in the wild type testis did not 
appear until E13 and were initially scattered throughout the 
gonad. Therefore, this suggests that the ectopic steroidogenic 
cells in the gonad of Wnt4 mutant embryos have different 
properties to the adrenal-like cells we observe in the testis. 
Previous organ cultures studies had suggested that cells that 
migrated from the mesonephros into the testis during gonad 
development could acquire steroidogenic properties (Merchant-
Larios and Moreno-Mendoza, 1998; Nishino et al., 2001). 
However, as most of the migrating cell types, which include 
endothelial and myoid cells, were also expressing LacZ and GFP 
in these experiments, a proper analysis of the migrating 
steroidogenic cells in situ was not possible (Martineau et al., 
1997). With the use of the Cyp11a1:LacZ transgenic mice, we 
definitively show that steroidogenic cells migrate from the 
mesonephros into the testis as it develops. The frequency and 
number of migrating cells were low and therefore we do not 
think this process is involved in the differentiation of the 
majority of Leydig cells in the testis, but it could account for 
the adrenal-like cells found in the testis. This is consistent with 
the expression pattern of the ACTH-responsive Cyp11b1­positive cells at the gonad/mesonephros border and within the 
XY gonad. Therefore, these studies suggest that the adrenal-like 
cells originate at the gonad/mesonephros border and that they 
migrate into the testis as it develops, where expression of 
Cyp11b1 and Cyp21 is induced, concomitant with Leydig cell 
activation. 
Our studies suggest that a population of steroidogenic 
precursor cells are found in the gonad/mesonephros border 
and are actively repressed by the mesonephros. The locali­
zation of the majority of adrenal rests tumors in the vicinity 
of the mediastinum of the testis also suggests that this region 
harbors steroidogenic precursors (Stikkelbroeck et al., 2001). 
Expression studies have shown that the gonad/mesonephros 
border is a distinct region during development. For example, 
Dax1 and Pod1 are strongly expressed at the gonad/meso­
nephros border in both sexes (Cui et al., 2004; Hoyle et al., 
2002; Swain et al., 1996). Interestingly, both these factors 
repress Sf-1 either at the protein level, in the case of DAX1 
(Lalli and Sassone-Corsi, 2003), or at the level of expression, 
in the case of POD1, and therefore may contribute to the 
inhibition of steroidogenic differentiation in this region (Cui 
et al., 2004). Consistent with this idea, Sf-1 expression is 
increased at the gonad/mesonephros border of Pod1 mutant 
embryos, and Cyp11a1-positive cells are found scattered 
between the gonad and adrenal primordia at early stages in 
these embryos (Cui et al., 2004). 
In conclusion, we have identified and characterized a novel 
population of adrenal-like cells that appear in the mouse testis 
during embryonic development and are also found in adulthood. 
Our experiments provide evidence that these cells migrate from 
the gonad/mesonephros border during development and are 
likely to be the equivalent of the precursors of adrenal rests 
tumors found in patients with CAH. 
Acknowledgments 
The authors would like to thank the team of Dr. Antoine 
Martinez (UMR CNRS 6547, France) for performing the corti­
costerone measurements, Mathieu Dandonneau for excellent 
technical assistance and Dr. Bill Buaas for critical reading of the 
manuscript. 
References 
Adeyemi, S.D., Grange, A.O., Giwa-Osagie, O.F., Elesha, S.O., 1986. Adrenal 
rest tumour of the ovary associated with isosexual precocious puberty and 
cushingoid features. Eur. J. Pediatr. 14, 236–238. 
Bielinska, M., Genova, E., Boime, I., Parviainen, H., Kiiveri, S., Leppaluoto, J., 
Rahman, M.S., Heikinheimo, M., Wilson, D.B., 2005. Gonadotropin-
induced adrenocortical neoplasia in NU/J nude mice. Endocrinology 146, 
3975–3984. 
Bielinska, M., Kiiveri, S., Parviainen, H., Mannisto, S., Heikinheimo, M., 
Wilson, D.B., 2006. Gonadectomy-induced adrenocortical neoplasia in the 
domestic ferret (Mustela putorius furo) and laboratory mouse. Vet. Pathol. 
43, 97–117. 
Cabrera, M.S., Vogiatzi, M.G., New, M.I., 2001. Long term outcome in adult 
males with classic congenital adrenal hyperplasia. J. Clin. Endocrinol. 
Metab. 86, 3070–3078. 
Calikoglu, A.S., 2003. Adrenocorticotropic hormone, a new player in the control 
of testicular steroidogenesis. Endocrinology 144, 3277–3278. 
256 P. Val et al. / Developmental Biology 299 (2006) 250–256 Clark, R.V., Albertson, B.D., Munabi, A., Cassorla, F., Aguilera, G., Warren, 
D.W., Sherins, R.J., Loriaux, D.L., 1990. Steroidogenic enzyme activities, 
morphology, and receptor studies of a testicular adrenal rest in a patient with 
congenital adrenal hyperplasia. J. Clin. Endocrinol. Metab. 70, 1408–1413. 
Cui, S., Ross, A., Stallings, N., Parker, K.L., Capel, B., Quaggin, S.E., 2004. 
Disrupted gonadogenesis and male-to-female sex reversal in Pod1 knockout 
mice. Development 131, 4095–4105. 
Hatano, O., Takakusu, A., Nomura, M., Morohashi, K., 1996. Identical origin of 
adrenal cortex and gonad revealed by expression profiles of Ad4BP/SF-1. 
Genes Cells 1, 663–671. 
Heikkila,M., Peltoketo,H., Leppaluoto, J., Ilves,M.,Vuolteenaho,O.,Vainio, S., 
2002. Wnt-4 deficiency alters mouse adrenal cortex function, reducing 
aldosterone production. Endocrinology 143, 4358–4365. 
Hoyle, C., Narvaez, V., Alldus, G., Lovell-Badge, R., Swain, A., 2002. Dax1 
expression is dependent on steroidogenic factor 1 in the developing gonad. 
Mol. Endocrinol. 16, 747–756. 
Hu, M.C., Hsu, N.C., El Hadj, N.B., Pai, C., Chu, H.P., Wang, C.K., Chung, 
B.C., 2002. Steroid deficiency syndromes in mice with targeted disruption 
of Cyp11a1. Mol. Endocrinol. 16, 1943–1950. 
Jeays-Ward, C., Hoyle, C., Brennan, J., Dandonneau, M., Alldus, G., Capel, B., 
Swain, A., 2003. Endothelial and steroidogenic cell migration are regulated 
by WNT4 in the developing mammalian gonad. Development 130, 
3663–3670. 
Kananen, K., Markkula, M., Mikola, M., Rainio, E.M., McNeilly, A.S., 
Huhtaniemi, I., 1996. Gonadectomy permits adrenocortical tumorigenesis 
in mice transgenic for the mouse inhibin a-subunit promoter/simian virus 
40 T-antigen fusion gene: evidence for negative autoregulation of the 
inhibin α-subunit gene. Mol. Endocrinol. 10, 1667–1677. 
Lalli, E., Sassone-Corsi, P., 2003. DAX-1, an unusual orphan receptor at the 
crossroads of steroidogenic function and sexual differentiation. Mol. 
Endocrinol. 17, 1445–1453. 
Lin, C., Jorge, A., Latronico, A.C., Marui, S., Fragoso, M.C., Martin, R., 
Carvalho, F., Arnhold, I.J., Mendonca, B.B., 2000. Origin of an ovarian 
steroid cell tumor causing isosexual pseudoprecocious puberty demonstrated 
by the expression of adrenal steroidogenic enzymes and adrenocorticotropin 
receptor. J. Clin. Endocrinol. Metab. 85, 1211–1214. 
Martineau, J., Nordqvist, K., Tilmann, C., Lovell-Badge, R., Capel, B., 1997. 
Male-specific cell migration into the developing gonad. Curr. Biol. 7, 
958–968. 
Merchant-Larios, H., Moreno-Mendoza, N., 1998. Mesonephric stromal cells 
differentiate into Leydig cells in the mouse fetal testis. Exp. Cell Res. 244, 
230–238. 
Morohashi, K., 1997. The ontogenesis of the steroidogenic tissues. Genes Cells 
2, 95–106. 
Nishino, K., Yamanouchi, K., Naito, K., Tojo, H., 2001. Characterization of 
mesonephric cells that migrate into the XY gonad during testis differentia­
tion. Exp. Cell Res. 267, 225–232. 
Oberman, A.S., Flatau, E., Luboshitzky, R., 1993. Bilateral adrenal rests in 
a patient with 11-hydroxylase deficient congenital adrenal hyperplasia. 
J. Urol. 149, 350–352. Orth, D.N., Kovacs, N.J., 1998. The adrenal cortex. In: Wilson, J., 
Foster, D., Kronenberg, H., Reed Larsen, P. (Eds.), Williams Text 
book of Endocrinology, 9th edition. WB Saunders company, Philadelphia, 
pp. 517–664. 
O'Shaughnessy, P.J., Fleming, L.M., Jackson, G., Hochgeschwender, U., Reed, 
P., Baker, P.J., 2003. Adrenocorticotropic hormone directly stimulates 
testosterone production by the fetal and neonatal mouse testis. Endo­
crinology 144, 3279–3284. 
Riepe, F.G., Tatzel, S., Sippell, W.G., Pleiss, J., Krone, N., 2005. Congenital 
adrenal hyperplasia: the molecular basis of 21-hydroxylase deficiency in 
H-2aw18 mice. Endocrinology 146, 2563–2574. 
Rilianawati, Paukku, T., Kero, J., Zhang, F.P., Rahman, M.S., Kananen, K., 
Huhtaniemi, I., 1998. Direct luteinizing hormone action triggers adrenocor­
tical tumorigenesis in castrated mice transgenic for the murine inhibin α­
subunit promoter/simian virus 40 T-antigen fusion gene. Mol. Endocrinol. 
12, 801–809. 
Rutgers, J.L., Young, R.H., Scully, R.E., 1988. The testicular tumor of the 
adreno-genital syndrome. A report of six cases and review of the literature 
on testicular masses in patients with adrenocortical disorders. Am. J. Surg. 
Pathol. 12, 503–513. 
Srikanth, M.S., West, B.R., Ishitani, M., Isaacs, H.J., Applebaum, H., Costin, G., 
1992. Benign testicular tumors in children with congenital adrenal 
hyperplasia. J. Pediatr. Surg. 27, 639–641. 
Stikkelbroeck, N.M., Otten, B.J., Pasic, A., Jager, G.J., Sweep, C.G., Noordam, 
K., Hermus, A.R., 2001. High prevalence of testicular adrenal rest tumors, 
impaired spermatogenesis, and Leydig cell failure in adolescent and adult 
males with congenital adrenal hyperplasia. J. Clin. Endocrinol. Metab. 86, 
5721–5728. 
Stikkelbroeck, N.M., Hermus, A.R., Schouten, D., Suliman, H.M., Jager, G.J., 
Braat, D.D., Otten, B.J., 2004. Prevalence of ovarian adrenal rest tumours 
and polycystic ovaries in females with congenital adrenal hyperplasia: 
results of ultrasonography and MR imaging. Eur. Radiol. 14, 1802–1806. 
Swain, A., Zanaria, E., Hacker, A., Lovell-Badge, R., Camerino, G., 1996. 
Mouse Dax1 expression is consistent with a role in sex determination as well 
as in adrenal and hypothalamus function. Nat. Genet. 12, 404–409. 
Tajima, T., Okada, T., Ma, X.M., Ramsey, W.J., Bornstein, S.R., Aguilera, G., 
1999. Restoration of adrenal steroidogenesis by adenovirus-mediated 
transfer of human cytochrome P450 21-hydroxylase into the adrenal gland 
of 21-hydroxylase-deficient mice. Gene Ther. 6, 1898–1903. 
Wang, G.M., Ge, R.S., Latif, S.A., Morris, D.J., Hardy, M.P., 2002. Expression 
of 11-β hydroxylase in rat Leydig cells. Endocrinology 143, 621–626. 
White, P.C., Speiser, P.W., 2002. Long-term consequences of childhood-onset 
congenital adrenal hyperplasia. Best Pract. Res. Clin. Endocrinol. Metab. 16, 
273–288. 
Wilkinson, D.G., Nieto, M.A., 1993. Detection of messenger RNA by in situ 
hybridization to tissue sections and whole mounts. Methods Enzymol. 225, 
361–373. 
Zimmermann, S., Schottler, P., Engel, W., Adham, I.M., 1997. Mouse Leydig 
insulin-like (Ley I-L) gene: structure and expression during testis and ovary 
development. Mol. Reprod. Dev. 47, 30–38. 
